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Introduction
Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are activated by hyperpolarization of the membrane potential, and most isoforms open more easily when cAMP binds to a cyclic nucleotide binding domain (CNBD) located in the intracellular C-terminus (DiFrancesco and Tortora, 1991; Gauss et al., 1998; Ludwig et al., 1998; Santoro et al., 1998) . Current functional evidence in the HCN2 channel suggests that cAMP binding relieves tonic inhibition of the pore by an intracellular C-terminal region of HCN2 made up of the CNBD and a domain called the C-linker connecting the CNBD to the pore (Wainger et al., 2001) . The structure of this CNBD and C-linker region of the HCN2 isoform was solved by x-ray crystallography in cyclic nucleotide-bound and unbound states, and it is a symmetrical tetramer (Zagotta et al., 2003; Taraska et al., 2009; Ng et al., 2016) . A recent cryo-EM structure of the HCN1 isoform confirms that the channel is a symmetrical tetramer and also shows that the C-linker/CNBD regions, hanging below the pore, adopt a structure that is similar to the solved structure of the HCN2 C-terminus (Lee and MacKinnon, 2017) .
Studies using transition ion metal FRET, double electron-electron resonance, and NMR have suggested that cAMP binding to the HCN2 and HCN4 C-terminal regions shifts the B-and C-helices of the CNBD toward the β-roll, and that the secondary structures of the P-and C-helices become more stable (Taraska et al., 2009; Puljung and Zagotta, 2013; Puljung et al., 2014; Saponaro et al., 2014; Akimoto et al., 2014; Akimoto et al., 2018) . The recent cryo-EM structure of the HCN1 isoform, which is as sensitive to cAMP as the HCN2 isoform but in which the maximum effect is less , in the bound and unbound conformation, showed similar alterations in single subunits but also demonstrated a right-handed rotation of the CNBD and C-linker of all subunits relative to the pore and other transmembrane domains (Lee and MacKinnon, 2017) .
In most HCN forms, submicromolar levels of cAMP facilitate opening by shifting the activation curve to less negative voltages (DiFrancesco and Tortora, 1991) . For the mammalian HCN2 isoform, 50% effective concentration (EC 50 ) values determined by the Hill equation were found to be ∼0.1 µM for cAMP, with a maximum depolarizing shift of the activation curve of ∼18 mV and a Hill coefficient of ∼1 Zagotta et al., 2003; Flynn et al., 2007; Zhou and Siegelbaum, 2007) . The EC 50 values are ≥10 times larger for cGMP than for cAMP, even though both cyclic nucleotides, at saturating levels, produce the same maximum depolarizing shift in activation Zagotta et al., 2003; Flynn et al., 2007; Zhou and Siegelbaum, 2007) . It is not known if the difference in potency (defined as the EC 50 value) between cAMP and cGMP is due to a difference in binding affinity (defined as the dissociation constant, K d ) to the channel or how strongly binding is coupled to pore opening (Colquhoun, 1998) . Understanding the molecular basis of this difference is important, because cGMP could effectively compete with cAMP for binding in vivo if the difference in potency between these molecules were mainly due to differences in how binding is coupled to opening rather than to differences in binding affinity.
Despite the studies performed to date, how cyclic nucleotides facilitate opening and how sensitivity of HCN channels to these ligands is determined, at the molecular and atomistic levels, is not well understood. A major challenge for understanding ligand sensitivity of pore opening in ligand-gated ion channels, including HCN channels, is to obtain a relevant measure of binding affinity directly by experiment (Colquhoun, 1998; Hines et al., 2014) . We have developed an approach using isothermal titration calorimetry (ITC) to determine the affinity of cAMP for a freely occurring tetrameric form of the HCN2 C-terminus fragment containing the CNBD and C-linker (Chow et al., 2012; Ng et al., 2016) . This C-terminus region is comprised of six α-helices in the C-linker and the four α-helices and eight β-strands that constitute the CNBD, and is identical to that solved by x-ray crystallography (Zagotta et al., 2003) . By ITC, we found that cAMP binding proceeds with negative cooperativity to the tetrameric CNBD; binding of one cAMP occurred to one subunit with high affinity (K d ∼0.1 µM) and subsequent binding of three cAMP molecules to the remaining subunits with lower affinity (K d ∼1.5 µM; Chow et al., 2012; Ng et al., 2016) . This is surprising, because concentration-response data for the effect of cAMP on the full-length HCN2 channel activation curve, when fitted with the Hill equation, yield Hill coefficients of ∼1. Finally, cGMP may also bind to this structure with negative cooperativity, with K d values of ∼0.4 and ∼8.5 µM for the high-and low-affinity binding events, respectively (Ng et al., 2016) . The high-affinity binding of cGMP occurs in a range of concentrations that might be expected normally in vivo.
We also found that binding of cAMP and cGMP to the HCN2 C-terminal tetramer was accompanied by a distinct and asymmetric thermodynamic signature, which showed that the high-affinity binding event is associated with favorable entropy and favorable enthalpy, whereas the lower-affinity event is associated with favorable enthalpy but with unfavorable entropy (Chow et al., 2012; Ng et al., 2016) . Furthermore, the enthalpic component of low-affinity binding is even larger than that for high-affinity binding. Thus, the thermodynamic basis for negative cooperativity is entirely entropic. It is notable that this binding asymmetry arises despite the fourfold symmetry observed in the solved structures of the HCN1 and HCN2 channels.
To understand how ligand sensitivity is determined at the molecular level and arises from negative cooperativity, we have used experimental binding and gating data to develop a mathematical model for the concentration dependence of the ligand-induced shift of HCN2 channel opening to less negative voltages. Our experimental and modeling results are consistent with an asymmetric model for cyclic nucleotide facilitation of HCN2 channel opening.
Materials and methods
A mathematical model for the shift in HCN2 channel opening to less negative voltages Here, we developed a steady-state model for the depolarizing shift in the activation curve produced by cAMP by using the Boltzmann equation with a slope that is unaltered by cAMP, as shown previously by experiment . To fit with experimental data, we develop the model in progressive steps, starting with the case when the cAMP binding sites in three of four subunits are blocked, leaving only one binding site available in each channel molecule. In this case, the model is described by the following schematic diagram.
(Scheme 1)
A shaded square represents a subunit on which the cAMP binding is blocked, while an open square represents a subunit on which the cAMP binding is not blocked. The open circle stands for a subunit that is already bound by cAMP. The filled small circle in the center represents that the channel is in a closed state while an open small circle represents that the channel is in an open state. k o j , k c j are the rate constants of channel opening and closing, respectively, when the channel is bound with j cAMP molecules. Thus, the subscript j represents the number of cAMP molecules bound to each channel state. j = 0,1 in the present case and j = 0,1,2,3,4 in the full model that we shall present later. a s and d s are, respectively, the association (binding) and dissociation (unbinding) rate constants of cAMP to a channel in state s. Therefore, the superscript s represents a channel in a closed (s = c) or an open (s = o) state.
In the reaction scheme on the right, a channel in open and closed state are represented, respectively, by the letters O j and C j . Again, the subscript j is the number of cAMP molecules bound to the channel. cAMP is abbreviated by letter A to make the diagram less busy.
In the absence of cAMP, only the top two states exist. At steady-state,
This is because, in the Boltzmann expression of channel opening (below)
we assume, for convenience, that voltage is fixed at V = V h or f o = 0.5 (i.e., [O 0 ] = [C 0 ]) in the absence of cAMP. Therefore, k o 0 k c 0 k 0 in our study. We use square brackets to represent the number of channels in each state. It is straightforward to write down the differential equations governing the time evolution of the four channel states. However, they must satisfy the con-
Assuming that cAMP binding is much faster than the change in structure associated with channel opening and closing, we have k c j , k o j a c , a o , d c , d o , (j 0, 1).
(2) Therefore, we expect cAMP binding to reach a steady state much faster than do channel opening and closing:
where K c d c /a c , K o d o /a o are, respectively, the dissociation constants for the closed and the open channels. Now, let's introduce the numbers of channels in closed and open states, respectively:
Similarly, 
where
are, respectively, the rate constants of channel opening and closing in the presence of cAMP at the dose of [A]. The Boltzmann expression of the HCN activation curve is
Here, V is the test voltage (mV), V h is the half-activation voltage (mV), and q is the slope factor (mV). Let ΔV > 0 be the shift of the activation curve induced by the addition of cAMP; thus the shifted curve is described by
Therefore,
Immediate predictions are, for [A] = 0,
Therefore, if ΔV m > 0, K 1 > 1, i.e., k o 1 > k c 1 is necessary to guarantee a positive shift. In other words, to achieve a positive shift, the binding of cAMP to a channel must result in higher channel opening rate compared with channels that are not bound with cAMP.
The model may be extended to the case where the cAMP binding sites on two subunits are available, shown schematically below.
(Scheme 2)
Following the calculations similar to those described above, we found that
where α c
we have the shift as a function of cAMP concentration for channels with four active binding subunits:
It is easy to check that, at [A] = 0, α i c α i o 0 for all i > 0. In this case, ΔV(0) = 0. At [A] = ∞, which means the saturating levels of cAMP,
Here,
measures the bias between the rate of channel opening and that of channel closing after the channel is bound to j cAMP molecules. Experimental data collected so far seem to suggest that K j > 1 for all j = 1,2,3,4. Also, K 4 > K 3 > K 2 > K 1 . In other words, binding of cAMP to the channel always facilitates the opening of the channel. The more cAMP molecules are bound, the higher the ratio between the opening rate and the closing rate. Therefore, more cAMP binding results in stronger bias toward channel opening.
We did not apply detailed balance to the model because, in the experiments measuring activity and the effect of cyclic nucleotides in excised patches, we consider the channels to have reached a nonequilibrium steady state and not thermodynamic equilibrium.
Molecular biology and cloning
The HCN2 template used previously (Chow et al., 2012) , which spans amino acid residues 443-645 and includes the C-linker and CNBD, was excised and inserted in a pET28 vector, with a HMT (hexahistidine, maltose binding protein, and tobacco-etch virus cleavage site) tag in the N-terminus of the construct. Single point mutations were made using PCR and specific sets of primers following the Quikchange protocol (Strategene). The mutated constructs were confirmed by sequencing before expressing in Rosetta DE3 pLacI cells. Cells were induced by 0.4 M isopropyl-β-D-thiogalactoside and harvested after 4 h.
Protein purification
Protein purification was performed as described previously (Chow et al., 2012; Ng et al., 2016) . Harvested cells were resolubilized in lysis buffer, lysed by sonication, and centrifuged to release the fusion protein to supernatant as described previously. The fusion protein bound to TALON cobalt affinity column (Clontech) and was eluted by imidazole. The HMT tag was cleaved by tobacco-etch virus so that the cleaved HCN C-terminus protein would flow through the cobalt column. Finally, the C-terminus was purified by a Resource S cation exchanger (GE Healthcare) and eluted with an increasing [KCl] gradient, at pH 6.0 and 4°C. Protein was dialyzed in 150 mM KCl, 20 mM HEPES, pH 7.0, and 10 mM β-mercaptoethanol. Purity was confirmed with SDS-PAGE, and concentration were determined by spectrophotometry and the Edelhoch method.
Isothermal titration calorimetry ITC was performed as described previously (Chow et al., 2012) . cAMP or cGMP (2 mM) was titrated, 1 µl at a time, into the sample cell containing 200 µM of respective purified protein constructs (in 300 µl initial volume), for a total of 40 injections. We have shown previously that this concentration of protein forms predominantly tetramers and that negative cooperativity occurs only when the protein is present at concentrations >100 µM and does not likely arise from cAMP-induced oligomerization of the protein (Chow et al., 2012) . The mutations do not modify gating in the absence of ligand (Zhou and Siegelbaum, 2007) , they are not found at the tetramer interface (Zagotta et al., 2003) , and in this study, all except E582A (and R632A) do not eliminate negatively cooperative binding of cAMP. Therefore, we assumed that the mutant proteins were also tetrameric at this concentration. The reference cell contained filtered water. The experiments were performed at 25°C, and the heat difference between the sample and reference cell was recorded upon each injection. At least three replicates were compiled for each protein-ligand combination.
The heat difference at each injection interval was integrated to obtain kilocalories per mole of injectant. Origin 7.0 (with MicroCal ITC add-on) was used to fit the isotherm with either a one-or two-site independent binding model, from which affinity, thermodynamics, and stoichiometry were determined. The models and fitting procedures have been described previously (Leavitt and Freire, 2001; Velázquez-Campoy et al., 2004; Velázquez Campoy and Freire, 2005) , are also found in the MicroCal Tutorial Guide, and are presented here briefly.
The binding equations for the one-site model are
where K a is the affinity constant, n is the number of binding sites, Θ is the fraction of sites occupied by the ligand, Mt is the protein concentration, Xt is the total concentration of ligand, and [X] is the free concentration of ligand. The equation for the total heat content, Q, in the one-site binding model is
where V is the reaction volume and ΔH is the molar heat of ligand binding. The equations for the two-site binding model are
.
The equation for the total heat content in the two-site independent binding model is
In both cases, the binding site equations are solved for Θ, and the result is substituted for Θ in the equations for total heat content. A correction for displaced volume (after completion of the injection) and calculation of the change in heat (ΔQ) by that injection are made, using initial guesses for n, K, and ΔH. This is compared with the measured heat and improved using the Marquardt methods until no further change is noted. The change in free energy (ΔG) is determined from the value for K, and the change in entropy (ΔS) is determined from the equation
As we mentioned previously (Chow et al., 2012) , binding isotherms are described by the equation
where K a is the association constant, [M] is the total protein concentration in the cell, and n is the stoichiometry of interaction. The value for c was between 1 and 1,000 for most of the data used for this study, which is generally considered to yield data that is accurate (Wiseman et al., 1989) . In our study, cGMP binding to the HCN2 R591A and T592A mutants, and cAMP and cGMP binding to the E582A-HMT mutants, yielded c values <1. For these mutants, the low levels of heat and poor affinity make it difficult to extract accurate values from the fitting analysis. Nevertheless, the data suggest large reductions in affinity and support the importance of the interactions between the side chains of these residues for tight binding.
Online supplemental material Fig. S1 shows that cAMP and cGMP bind to the E582A mutant with reduced affinity and without negative cooperativity compared with their binding to the wild-type HCN2 C-terminus fragment. Fig. S2 shows a summary of the effects of single mutations of residues of the HCN2 cyclic nucleotide binding region on high and low binding affinity of cAMP and cGMP. Fig.  S3 is a summary of thermodynamic values for cAMP and cGMP binding to the wild-type and mutant HCN2 C-terminus.
Results
A model for cAMP facilitation of HCN2 channel opening cAMP facilitates the opening of the HCN2 channel by shifting the current activation curve, which is the range of voltages over which the channel opens, to less negative potentials. We have developed a nonequilibrium steady-state model for the effect of cAMP on the channel that is focused on this depolarizing shift of the current activation curve, which occurs with little change in the slope of this relationship (see Materials and methods). We assumed that each HCN2 channel is made up of four identical subunits, each containing a single binding site, and initially, we focused on experiments from a previous study that used HCN2 channels with a varying number of functional binding sites (Ulens and Siegelbaum, 2003) . In those experiments, voltageclamp measurements of channel activity were made in membrane patches excised from Xenopus oocytes that expressed mouse HCN2 channels, in which the CNBDs were sequentially rendered nonfunctional by replacing arginine 591 with glutamate (R591E).
We began with a model of cAMP binding and facilitation of opening to simulate the simplest condition, which is an HCN2 channel with one functional cAMP binding site ( Fig. 1 A) . Each channel can exist in an open or closed state, and hyperpolarization of the membrane potential changes the balance between the open and the closed states. Under voltage-clamp conditions, cAMP-induced increase in channel opening results from an increased rate of channel opening or a decreased rate of channel closing or a combination of both. We used the values of cAMP binding to the tetrameric region of the HCN2 C-terminus (Chow et al., 2012 ; see Materials and methods), which were determined again here by ITC and demonstrated negative cooperativity ( Fig. 1 , B and C; and Table 1 ). In Fig. 1 D, the model is used to fit concentration-response data from HCN2 channels containing one, two, three, and four functional wild-type cAMP binding sites, which was obtained in a previous study (Ulens and Siegelbaum, 2003) . We assumed that the binding values determined by ITC approximate those that occur under steadystate measurements of channel activity in the excised patch experiments.
The fit of the model to the experimentally obtained data for a channel with one fully functional binding site uses the highaffinity binding value only (for both the closed and open channel) and results from an adjustment of the transitions between the closed and open channels with one cAMP bound (Table 2) . Thus, in this model, the binding affinity is not altered by pore opening. There is experimental evidence that HCN pore opening may impact cAMP binding, using fluorescent cAMP analogues (Kusch et al., 2010; Idikuda et al., 2019) , but because we measured binding in the absence of the pore, we chose to make no assumptions as to whether our binding values might reflect those for open or closed channels. A future goal will be to determine how voltage-dependent channel opening, and potential associated changes in cAMP binding, might impact the concentration-response relation for the HCN2 channel using our model as a starting point. The model predicts that the maximum shift in the activation voltage at saturating levels of cAMP is a direct measure of the ratio between the opening and closing rate constants. These parameters remain unchanged when fitting the model to data obtained with additional functional binding sites. Each time one additional functional binding site is added, parameters to previously considered binding are all fixed (see below). In the mathematical model, the value for q (the slope factor from the Boltzmann equation) was set at 5 mV, which was based on values published previously by the Siegelbaum group for cAMP effects in patches excised from Xenopus oocytes that expressed the HCN2 channel, e.g., Chen et al. (2001) . This slope factor is a determinant of the maximum shift produced by cAMP or cGMP in our model (see Materials and methods). We assumed that this value of q was unchanged by cGMP or by mutations that did not change the maximum response to cAMP and cGMP.
The same approach was followed for two, three, and finally four fully functional binding sites, using the high-affinity binding value for the first bound cAMP molecule and the lowaffinity binding values for the three cAMP molecules that bind subsequently. Thus, the model assumes that there are no further interactions between binding sites after the first site is occupied. This comes from the stoichiometry of binding of cAMP, which as determined by ITC suggested that one subunit is bound with high affinity and three subunits are bound with low affinity (Chow et al., 2012) . In each case, the parameters, already determined for the closed-to-open transition of the liganded channel by fitting the experimental data with one less binding site, were assumed to not change upon the addition of subsequent binding sites; e.g., the opening and closing parameters determined from fitting the experimental data for a channel with one active binding site were fixed when fitting the experimental data for a channel with two active binding sites, and so on. With each additional functional binding site, the maximum shift in activation voltage at saturating levels is a direct measure of the ratio between rate constants, with the corresponding number of cAMPs bound to the channel. The final fits of the individual data points obtained previously by experiment (Zhou and Siegelbaum, 2007) is generally good, except for one data point at low cAMP concentration for a channel with four functional binding sites. These results predict that binding of cAMP to each additional functional site further shifts the balance toward increased opening-to-closing ratio, as reflected by the increase in the maximum voltage shift at saturating levels of cAMP with each addition of one more functional binding site. To test the validity of the model, we proceeded with analyzing several mutations within the cAMP binding site ( Fig. 1 D) .
A conserved arginine and threonine residue in the phosphate-binding region controls cAMP binding affinity We used the model to help understand how key regions and residues of the cyclic nucleotide binding site impact the sensitivity of HCN2 channel opening to cAMP. To do this, we used the above model and previous data on cAMP facilitation of HCN2 channel opening in the wild-type channel and in mutants containing single alanine substitutions in the binding site (Zhou and Siegelbaum, 2007) , together with measurements of cAMP binding affinity by ITC on the HCN2 C-terminal wild-type protein or proteins with corresponding substitutions. We modeled the concentration-response curves for the wild-type HCN2 mutant channels from a previous study (Zhou and Siegelbaum, 2007) , which showed that some single-point alanine substitutions in the ligand binding region produced mild to moderate changes in the potency of cAMP, but did not alter the maximum effect of cAMP or gating of the channel in the absence of ligand.
We first focused on a region within the β-roll of the CNBD that binds to the phosphate group of cAMP (Fig. 2 B) and thus is referred to as the phosphate-binding cassette (PBC) in related proteins (Das et al., 2007) . Arginine 591, which is found deep within the PBC, makes contact with the equatorial oxygen of the cyclic phosphate group of cAMP and cGMP (Zagotta et al., 2003; Zhou and Siegelbaum, 2007) ; this residue is highly conserved not only among the HCN isoforms (Jackson et al., 2007) , but also in many proteins containing this family of CNBDs (Weber and Steitz, 1987; Shabb and Corbin, 1992; Tibbs et al., 1998) . Threonine 592, adjacent to R591, is conserved in many of the proteins in this family (Shabb and Corbin, 1992; Jackson et al., 2007) and makes contact with the axial oxygen of the cyclic phosphate group of cAMP and cGMP (Zagotta et al., 2003; Zhou and Siegelbaum, 2007) . When either of these two residues was substituted with alanine, the opening and closing of the HCN2 channels in the absence of cAMP and the maximum effect of cAMP were not impacted; however, its potency was reduced (Zhou and Siegelbaum, 2007) . A question that arises from those data are whether a change in binding affinity alone is sufficient to explain the reduction in potency.
Here, R591 and T592 were individually substituted by alanine in our HCN2 C-terminal protein, and binding of cAMP was analyzed by ITC. Like its binding to the wild-type protein, cAMP binding to the mutant proteins produced two-phase patterns that were best fitted with a two-site independent binding model and demonstrated negative cooperativity (Fig. 2 (C) Bar graphs of high-and low-affinity binding values that arise from the fitting of the heat values with a two-site independent binding model for the binding of cAMP to the wild-type HCN2 C-terminus. Values represent means ± SEM. Each mean was determined from independent ITC binding experiments. Values for binding affinity are also given in Table 1 . (D) Concentration-response data and simulated curves for the shift in gating produced by cAMP. The data points represent data from for the shifts produced by cAMP on a channel with one functional binding site (black squares), two functional binding sites (red squares), three binding sites (blue squares), and four binding sites (purple squares). Tetrameric HCN2 channels with one and three functional sites were formed by tandem tetramers, whereas channels with two and four binding sites were formed with tandem dimers; a highly conserved arginine residue in the PBC in the CNBD was substituted with glutamate residue to prevent binding. The data points shown are reproduced from Ulens and Siegelbaum (2003) . The solid lines are theoretical curves produced by the mathematical model for channels containing the corresponding number of binding sites (shown in A). Table 1 ). The thermodynamic profile of cAMP binding to the R591A and T592A mutant proteins is similar to that of the wildtype protein, in that the high-affinity binding possesses favorable changes in both enthalpy and entropy, whereas low-affinity binding is associated with favorable changes in enthalpy but unfavorable changes in entropy. Even though the change in enthalpy for high-affinity binding is smaller than that for lowaffinity binding, the favorable change in entropy for the former results in the more favorable change in free energy. By contrast, low-affinity binding is associated with unfavorable change in entropy. Thus, the thermodynamic basis for negatively cooperative binding of cAMP is mainly entropic for these mutants, as well as for the wild-type protein.
, B and C; and
We then used the mathematical model to find out if it would predict the experimental concentration-response data for the R591A and T592A mutant channels. With small adjustments, the wild-type concentration-response data from Zhou and Siegelbaum (2007) were well fitted by the model using experimental binding affinities determined here by ITC ( Fig. 2 D) . We then incorporated the binding affinities of the mutants into the model without altering the wild type closed-toopen parameters. Remarkably, the theoretical curves overlie closely to the experimentally determined concentration-response data for the corresponding full-length mutant HCN2 channels; both are shifted to the right compared with the curve and data obtained for cAMP binding to the wild-type channel (Fig. 2 D) . Thus, the shift in the concentration-response data produced experimentally by the R591A and T592A mutations can be accounted for entirely by reduced binding affinities (as measured by ITC) without any impact on the transitions between pore opening and closing.
Residues in the distal C-helix of the CNBD contribute to both cAMP binding affinity and effects on gating We next examined residues in the C-helix region, which is at the distal end of the CNBD. The importance of this region is For R635A, the value represents the mean of four trials, three of which were taken from our previous publication (Ng et al., 2016) and another which was carried out for this study.
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highlighted by studies showing that partial truncations of the HCN2 C-terminus, which include the C-helix, or alanine substitution of arginine 632 in this helix, eliminate the cAMPinduced shift in channel activation (Wainger et al., 2001; Zhou and Siegelbaum, 2007) . Furthermore, there is considerable functional and structural evidence in both HCN and CNG channels that, upon ligand binding, the C-helix moves relative to the ligand (Goulding et al., 1994; Varnum et al., 1995; Matulef et al., 1999; Matulef and Zagotta, 2002; Mazzolini et al., 2002; Puljung and Zagotta, 2013) and toward the phosphate-binding region within the β-roll (including R591 and T592 in HCN2), which is thought to move very little relative to the ligand and transmembrane regions Flynn et al., 2007; Zhou and Siegelbaum, 2007; Taraska et al., 2009; Akimoto et al., 2014; Puljung et al., 2014; Saponaro et al., 2014; DeBerg et al., 2016; Lee and MacKinnon, 2017) . Finally, in the absence of cAMP, the C-terminal portion of the C-helix is less structured in HCN1, HCN2, and HCN4 (Taraska et al., 2009; Puljung and Zagotta, 2013; Akimoto et al., 2014; Puljung et al., 2014; Saponaro et al., 2014; Lee and MacKinnon, 2017) . We first focused on residues in the distal C-helix, R635, K638, and I636, which are found near to the adenine portion of cAMP based on x-ray crystallography ( Fig. 3 A) , functional analysis of mutant proteins (Zagotta et al., 2003; Flynn et al., 2007) , and molecular dynamics simulations of the C-linker and CNBD (Zhou and Siegelbaum, 2007) . When these residues were individually substituted with alanine, the opening and closing of the HCN2 channels in the absence of cAMP were not affected and the maximum effect of cAMP was not affected but its potency was reduced (Zhou and Siegelbaum, 2007) . Here, too, we wondered if a change in binding affinity alone is sufficient to explain the reduction in potency.
These three residues were individually substituted with alanine in the HCN2 C-terminal protein, and the binding of cAMP was examined by ITC, which resulted in a two-phase pattern that was best fitted with a two-site independent binding model and demonstrated negative cooperativity (Fig. 3 B) . The thermodynamic profiles of cAMP binding to the three mutated fragments were, again, similar to that in the wild-type protein (Fig. 3 C) . The values for K d were variably increased by the three alanine substitutions; for R635A, which points away from the ligand in the crystal structure, the reduction was smallest, whereas it was larger for I636A and K638A, which point toward the ligand in the crystal structure.
The values for binding affinity were substituted into the model without altering the values of closed-to-open transitions determined for the wild-type channel, and these theoretical curves were overlaid onto the previously determined concentrationresponse data (Fig. 3 D) . Notably, the theoretical curve for R635A is shifted little, whereas that for I636A is shifted to the right to a greater extent compared with the wild type concentrationresponse data; neither is as right-shifted as the experimental concentration-response data for the corresponding mutant channel. To fit the concentration-response data, further changes The table summarizes the sets of parameters of the mathematical model used for three sets of data for concentration versus the depolarizing shift in the activation curve. cAMP parameters are used to simulate the concentration-response data from Ulens and Siegelbaum (2003) , which were used to set up the initial model and are shown in Fig. 1 A along with the simulated curves. cGMP parameters are used to simulate the concentration-response data from Zhou and Siegelbaum (2007) . Note that curves for wild-type channel and cGMP were also produced using the gating parameters (k c j and K j ) for wild type and cAMP. Also, curves for I636A and I636D, with cGMP, were produced using the gating parameters (k c j and K j ) for the wild-type channel and cGMP. cAMP parameters were used to simulate the concentration-response data from Zhou and Siegelbaum (2007) . Note that curves for R635A, I636A, and I636D were also produced using the gating parameters (k c j and K j ) for the wild-type channel and cAMP. in the closed-to-open transitions were necessary, more so for R635A than I636A (Table 2) . Thus, both residues may contribute directly to the opening of the liganded channel. The theoretical curve for K638A is also shifted to the right of the wild type concentrationresponse data but, in contrast to the theoretical curves for the R635A and I636A channels, it fits the concentration-response data for the full-length version of the K638A channel very well. This suggests that the effect of the K638A substitution on the concentration-response data can be accounted for entirely by reduced binding affinities, without any impact on the opening and closing transitions of the pore.
The role of other C-helix residues in cAMP binding We also examined the role of five other residues in the distal C-helix ( Fig. 4 A) in cAMP binding, for which a full range of concentration-response data were not available. By ITC, we found that cAMP binding to I630A, D631A, L633A, and D634A proteins produced heat values that fitted well with a two-site independent binding model ( Fig. 4 B) . The thermodynamics of binding of cAMP to these four mutant fragments were again, in general, similar to those obtained by cAMP binding to the wildtype protein (Fig. 4 C) . For I630A, D631A, and D634A, the K d values were not greatly altered ( Fig. 4 D and Table 1) , which is consistent with their small effects on potency (Zhou and Siegelbaum, 2007) . As can be seen in the structure (Fig. 4 A) , these three residues are also facing away from cAMP, which might support the small effect on binding and potency. The L633A mutation reduced cAMP binding affinity to a larger extent than the other alanine substitutions ( Fig. 4 D and Table 1) , which is consistent with the larger reduction in cAMP potency found previously (Zhou and Siegelbaum, 2007) . Also, unlike the other three residues, L633 is pointing toward the ligand, which supports a more direct role in binding for this residue (Fig. 4 A) . Arginine 632 is of interest because alanine substitution of this residue eliminates the shift of the channel activation curve to more negative voltages; this is the only mutation analyzed in the current article that strongly reduces the maximum shift produced by cAMP or cGMP (Zhou and Siegelbaum, 2007) . Arginine 632 makes a very strong electrostatic interaction with the adenine portion of cAMP as well as a salt bridge with glutamate 582, which interacts with the 29OH in the ribose moiety of cAMP (Zagotta et al., 2003; Zhou and Siegelbaum, 2007) . Glutamate 582 is found in the P-helix, a region between the sixth and seventh β-sheets, and becomes structured and interacts with the B-helix upon cAMP binding (Taraska et al., 2009; Saponaro et al., 2014) . Unlike alanine substitution of R632, alanine substitution of E582 allows cAMP to shift the voltage dependence of channel opening by the same maximum amount as the wild-type channel, but its potency is reduced much more than the other alanine mutants (Zhou and Siegelbaum, 2007) , which suggests that this salt bridge between the C-and P-helices is important for the latter but not for the former.
To understand how R632 and E582 influence binding, we purified the mutated C-linker/CNBD with HMT tag (see Materials and methods) on its N-terminus; these proteins could not be purified in high enough amounts to assess binding after cleaving the HMT tag. We found previously that HMT-fused C-terminus and untagged C-terminus wild-type proteins bind cAMP in a similar fashion, as determined by ITC (with negative cooperativity), which suggests that HMT does not interfere with the binding site, protein folding, or oligomerization (Chow et al., 2012) . Here, we found that cAMP binding to the E582A-HMT protein produced a pattern of heat release that was best fitted with a single independent binding site model and yielded an average K d of 335 µM for two trials (Fig. S1 ). The lack of negative cooperativity could mean that negative cooperativity is no longer observed because either cooperativity is abolished or the residual effect is too small to be resolved. Finally, in two trials, binding of cAMP to R632A-HMT protein was not detected (not depicted).
We also used another cAMP analogue to examine the interactions of E582 and R632 with the 29OH group of cAMP. The interaction could potentially be disrupted by capping the 29-hydroxyl group of cAMP with a methyl group (29-O-Me-cAMP), which has been shown to bind to the Epac cAMP-binding protein (Christensen et al., 2003) , but not to a monomeric form of HCN2 C-terminus (Möller et al., 2014 ). Because we have previously shown that a monomeric form of the HCN2 fragment possesses only the low-affinity cAMP-binding site (Chow et al., 2012) , we examined the binding of this analogue to the tetrameric form of the HCN2 C-linker/CNBD, which also possesses the high-affinity binding site. However, in two trials, we found that 29-O-Me-cAMP did not bind to the tetrameric form of the HCN2 C-terminus (not depicted). Together, the data suggest that the internal salt bridge and interactions of these residues with the ligand are necessary for keeping the C-linker/CNBD structure stable and for maintaining high affinity for the ligand.
The difference in sensitivity of HCN2 channel opening to cAMP and cGMP is due to a difference in binding affinity and allosteric effects on gating We next examined the difference in potency of cAMP and cGMP on the HCN2 channel. Although both molecules produce a similar maximum effect, cAMP is a more potent facilitator of HCN2 channel opening than cGMP (Zagotta et al., 2003; Zhou and (left) and low-affinity (middle) binding values and thermodynamics (right) that arise from the fitting of the heat values with a two-site independent binding model for the binding of cAMP to the two mutant C-termini (as in B) and the wild-type HCN2 C-terminus. Values represent means ± SEM. Each mean was determined from independent ITC binding experiments. Values for binding affinity and stoichiometry are also given in Table 1 . (D) Concentration-response data and theoretical curves for the shift in activation gating produced by cAMP. The solid red lines are produced by the mathematical model using the experimental binding affinities obtained by ITC for the wild-type protein and fitted to the concentration-response data for the wild-type channel (red squares). The solid blue lines are produced by the mathematical model using the experimental binding affinities obtained for cAMP binding to the mutant proteins but using the gating parameters that were obtained from the fit of the model to the wild-type data. Note how well the theoretical blue curves fit the experimental concentration-response data for the mutant channels (blue squares). The concentration-response data were reproduced from Zhou and Siegelbaum (2007) . Table 1 . (C) Bar graphs of high-affinity (left) and low-affinity (middle) binding values and thermodynamics (right) that arise from the fitting of the heat values with a two-site independent binding model for the binding of cAMP to the mutants (as in Siegelbaum, 2007) . In part, this may be due a difference in configuration between them upon binding; in the crystal structure, cAMP and cGMP were shown to bind in the anti and syn configuration, respectively ( Fig. 5 A) . We again performed ITC to determine if the difference in potency between cAMP and cGMP is primarily due to a difference in the binding affinity to the CNBD. As we found previously (Ng et al., 2016) , cGMP, like cAMP, produced a two-phase pattern in the binding isotherm that could be best fitted with a two-independent binding site model ( Fig. 5 B) ; this yielded high-and low-affinity binding values of ∼0.36 and 6.13 µM, respectively ( Fig. 5 C and Table 1 ). The values of binding affinity for cGMP are lower than those for cAMP, which were 0.09 and 1.39 µM. Thus, for cGMP binding, the high-affinity K d is increased by threefold, whereas the lowaffinity K d is increased by ∼3.4-fold, compared with cAMP binding, which suggests that cAMP may produce a greater degree of negative cooperativity than cGMP. The thermodynamics of cGMP binding the HCN2 C-terminal fragment are similar to those obtained for cAMP ( Fig. 5 D) ; negative cooperativity was driven by changes in entropy.
We used the model to determine how the difference in binding affinity between cAMP and cGMP contributes to the difference in the measured concentration-response data. We introduced the binding affinities determined for cGMP by ITC into the model without altering the closed-to-open transitions that were determined for cAMP to generate a theoretical concentration-response curve, which is predictably shifted to the right compared with the curves for cAMP ( Fig. 5 E) . However, the concentration-response data for cGMP are rightshifted to a much greater extent than the theoretical cGMP curve. To fit the experimental data, alterations to the transition rates between open and closed pores were also necessary (Table 2) . Thus, our analysis suggests that the greater potency of cAMP on facilitation of HCN2 channel opening compared with cGMP is due to enhanced transition rates between the closed and open pore as well as greater binding affinity.
Isoleucine 636 contributes to cAMP selectivity by enhancing cAMP binding affinity and gating, and by reducing cGMP binding affinity Previous studies have suggested that isoleucine 636 (I636) in the C-helix of the HCN2 channel may confer some of the selectivity for cAMP over cGMP (Flynn et al., 2007; Zhou and Siegelbaum, 2007) . Above (Fig. 3) , we show that alanine substitution of I636 in the C-helix decreases the affinity for cAMP but that it may also decrease promotion of the closed-to-open transitions. Here, by ITC, we found that cGMP binding to the I636A mutant protein also produced a two-phase pattern in the binding isotherm that could be well fitted with a two-site independent binding model ( Fig. 6 A) . This alanine substitution produced a modest increase in the affinity for cGMP ( Fig. 6 C and Table 1 ). Thus, as expected, the isoleucine side chain normally inhibits cGMP binding, in contrast to its effect on cAMP binding. The overall pattern of thermodynamics is similar to that for cGMP binding to the wildtype C-terminus (Fig. 6 D) .
We next examined how the alterations in binding affinity contribute to the difference in the cGMP concentration-response curve (Fig. 6 E) . The simulated I636A curve, which uses gating parameters obtained from the fit of the mathematical model to the cGMP concentration-response data of the wild-type channel, follows closely, but not exactly, the experimental data, which are shifted to the left of the wild type concentration-response data. Small adjustments in gating transitions allow the simulation to fit the experimental data. Nevertheless, these data suggest that the isoleucine promotes cAMP selectivity over cGMP mainly by reducing cGMP binding affinity, as well as by augmenting cAMP binding affinity and promotion of gating, which was suggested above in Fig. 3 .
To further investigate the role of I636 in selectivity, we substituted an aspartate residue for I636 (I636D), which was shown previously to greatly enhance the potency of cGMP for HCN2 channel opening (Flynn et al., 2007; Zhou and Siegelbaum, 2007) . A crystal structure of the I636D C-terminus shows that the aspartate residue forms a new contact with the guanine ring of cGMP ( Fig. 6 B; Flynn et al., 2007) . By ITC, cGMP binding to the I636D mutant fragment was found to produce a two-phase pattern in the released heat that was well fitted with a two-site independent binding model ( Fig. 6 A) . The aspartate substitution produced a large increase in the affinity for cGMP, larger than did the alanine substitution ( Fig. 6 C and Table 1 ), which fits with the novel interaction suggested previously (Flynn et al., 2007) . The thermodynamic pattern of cGMP binding was similar to that for cGMP binding to the wild-type and the I636A protein (Fig. 6 D) .
We next examined how the change in cGMP binding by I636D contributes to the altered concentration-response curve (Fig. 6 E) . Again, without altering the closed-to-open transitions for the wild-type channel response to cGMP, we introduced the cGMP binding affinities determined for the I636D mutant into the mathematical model. As for the I636A mutant, the simulated curve for the I636D overlies closely the experimental concentration-response data, which are shifted to the left of the wild type concentration-response data. Thus, changes in the cGMP concentration-response curve induced by the aspartate B) and the wild-type HCN2 C-terminus. Values represent means ± SEM. Each mean was determined from independent ITC binding experiments. Values for binding affinity are also given in Table 1 . (D) Concentration-response data and theoretical curves for the shift in activation gating produced by cAMP. The solid red lines are produced by the mathematical model using the experimental binding affinities obtained by ITC for the wild-type protein and fitted to the concentration-response data for the wild-type channel. The solid blue lines are produced by the mathematical model using the experimental binding affinities obtained for cAMP binding to the corresponding mutant proteins but using the gating parameters that were obtained from the fit of the model to the wild-type data. Note that the blue line for the K638A channel fits the concentration-response data (blue squares) very well (middle graph). However, the blue lines for the R635A and I636A channels do not fit the concentration-response data (purple squares) very well; the open and closing transitions were therefore also changed to produce theoretical curves (purple lines) that fit the concentration-response data for those mutants appropriately. The concentration-response data were reproduced from Zhou and Siegelbaum (2007) .
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(D) Bar graphs of values for thermodynamics that arise from the fitting of the heat values with a two-site independent binding model for the binding of cAMP and cGMP to the wild-type HCN2 C-terminus. Values in C and D represent means ± SEM. Each mean was determined from independent ITC binding experiments. (E) Concentration-response data and simulated curves for the shift in gating produced by cAMP and cGMP. The solid red line is produced by the mathematical model using the experimental binding affinities for cAMP obtained by ITC for the wild-type protein and fitted to the concentration-response data for cAMP facilitation of the wild-type HCN2 channel. The solid blue line is produced by the mathematical model using the experimental binding affinities obtained for cGMP binding to wild-type protein by ITC but using the gating parameters that were obtained from the fit of the model to the cAMP concentration-response data. Note that this blue line does not fit the cGMP concentration-response data (purple squares) for the wild-type HCN2 channel. For the model to fit the cGMP concentration-response data (purple line), changes in the transitions between the closed and open pore were necessary in addition to using the binding affinities obtained by ITC from cGMP binding to the C-terminus protein. showing the CNBD of either wild type (I636, dark teal) or mutant (I636D, light green) bound to cGMP. Note that the aspartate residue forms a contact with the guanine ring of cGMP in the mutant, but not wild-type, structure. Residues distal to R635 (including I636) are not resolved in the cGMP-bound wildtype structure, whereas residues distal to D636 are not resolved in the cGMP-bound mutant structure. PDB accession no. 1Q3E (cGMP bound to wild type) and PDB accession no. 2Q0A (cGMP bound to mutant). The new hydrogen bond made by the aspartate side chain with 2-NH2 of cGMP is shown in magenta. (C) Bar substitution could be explained mainly by an enhancement of binding affinity. By ITC, cAMP binding to the I636D mutant protein also yielded a pattern in the released heat that was well fitted with a two-independent binding site model (Fig. 6 A) . In contrast to the binding affinity for cGMP, the binding affinity for cAMP was considerably decreased by the I636D mutation ( Fig. 6 C and Table 1 ). The opposite effects of this mutation on cAMP and cGMP binding are consistent with the notion that this location in the wild-type channel is important for selecting cAMP over cGMP. Interestingly, although the thermodynamic signature for cAMP binding to the I636D mutant protein was similar to that for cAMP binding (and cGMP binding) to the wild-type protein (Fig. 6 D) , the change in entropy for the low-affinity binding was very small and, unlike most other low-affinity binding events measured in this study, not unfavorable. Nevertheless, the free energy of cAMP binding for this mutant was still reduced for low-affinity binding, compared with cAMP and cGMP binding to the wild-type protein, because of the smaller change in favorable enthalpy.
We next examined how the changes in cAMP binding contribute to the differences in the concentration-response curves (Fig. 6 E) . We introduced the cAMP binding affinities determined for the I636D mutant into the model without changing the closed-to-open transitions for the wild-type channel response to cAMP. Here, too, the theoretical curve closely follows the experimental data, which are shifted to the right of the concentration-response data for cAMP binding to the wild-type protein. Changes in the cAMP concentration-response curve induced by the aspartate substitution could be explained mainly by an enhancement of binding affinity. Thus, the data collected using the aspartate-substituted HCN2 channel, like those obtained from the alanine-substituted channel, suggest that I636 promotes selectivity of cAMP over cGMP mainly by augmenting cAMP binding affinity and gating, and by reducing cGMP binding affinity.
An increase in the height of the experimental cGMP data for both the I636A and I636D mutants compared with the wild type was not predicted by the mathematical model. The larger values of q for cGMP binding to those two mutants were chosen to fit the theoretical curve to the larger maximum effect as measured by experiment. We did this to make the comparison of the position of the theoretical and experimental curves along the x-axis easier to visualize. Thus, adjusting q was used as a tool to relate the change in open probability to the maximum shift in voltage. It may well be that there is a biological link between these, but we have not probed that more deeply here. Together with the small differences in shape or position between the experimental and theoretical curves, the small increase in height suggests that these mutations modestly promote the action of cGMP on gating, but how this occurs is not clear. Finally, we did not have values of q measured specifically for these two mutant channels by experiment.
The role of PBC and other C-helix residues in cGMP binding
We also examined the role of R591 and T592, in the PBC, on cGMP binding by substituting each residue with alanine. The positions of these two residues in the HCN2 structure, bound to cGMP, are shown in Fig. 7 A. Notably, a hydrogen bond is formed between the N2 atom of cGMP and T592 that is not observed in the cAMP-bound structure (Zagotta et al., 2003) . Unlike cAMP binding to the two mutant HCN2 fragments, the heat released by cGMP binding was best fitted with a single-site independent binding model ( Fig. 7 B) . Again, this suggests a lack of negative cooperativity, or that any negative cooperativity is too small to be resolved.
We also examined three other residues in the C-helix that had a significant impact on cGMP binding. In Fig. 7 A, the positions of L633 and R635 are shown, whereas K638 was not resolved in the cGMP-bound structure. cGMP binding to L633A, R635A, and K638A mutant proteins produced heat values that were fitted best with only a single-site independent binding model, and thus lacked negative cooperativity (Fig. 7 B) . Individual alanine substitutions of these residues reduced binding affinity but not to the same extent as R591A or T592A ( Fig. 7 C and Table 1 ). Thus, the side chains from these three residues appear to be important for tight cGMP binding and negative cooperativity.
Two other residues of the C-helix, D631 and D634, were found to have smaller contributions to binding affinity of cGMP and their locations are shown in Fig. 8 A. cGMP binding to D631A and D634A mutant proteins produced heat values that were well fitted with a two-site independent binding model ( Fig. 8 B) . The values for K d (Fig. 8 C and Table 1 ) and the thermodynamics of binding (Fig. 8 D) were not greatly altered by these graphs of high-and low-affinity binding values that arise from the fitting of the heat values with a two-site independent binding model for the binding of cAMP and cGMP to the wild-type HCN2 C-terminus, cGMP binding to the I636A mutant, and cAMP and cGMP binding to the I636D mutant. Values for binding affinity are given in Table 1 . (D) Bar graphs of values for thermodynamics that arise from the fitting of the heat values with a two-site independent binding model for the binding of cAMP and cGMP to the wild-type HCN2 C-terminus, cGMP binding to the I636A mutant, and cAMP and cGMP binding to the I636D mutant. Values in C and D represent means ± SEM. Each mean was determined from independent ITC binding experiments. (E) Concentration-response data and theoretical curves for the shift in gating produced by cAMP or cGMP to the 200-μM wild-type and mutant HCN2 C-terminus. The solid red line in the left and middle panels is the theoretical curve produced by the model that is fitted through the cGMP wild-type concentration-response data (from Fig. 6 ). The solid red line in the right panel is the theoretical curve produced by the model that is fitted through the cAMP wild-type concentration-response data (from Fig. 2) . The solid blue lines are theoretical curves produced by the model using the experimental binding data obtained by ITC for the corresponding HCN2 mutant and using the gating parameters for the effect of cGMP (left and middle panels) or for cAMP (right panel) on the wild-type HCN2 channel. The purple triangles represent the concentration-response data for the effect of cGMP (left and middle panel) or the effect of cAMP (right panel) on the shift in the activation curve of the corresponding full-length mutant HCN2 channel. Note that the blue lines overlie closely with the experimental data (purple triangles), which are shifted to the left of the wild-type concentration-response data for cGMP (left and middle panel) and to the right of the wild-type concentration-response data for cAMP (right panel). The solid purple line represents a fit of the model to the mutant concentration-response data (purple triangles), which was made by adjusting the closed-to-open gating transitions.
substitutions, which was also the case for the EC 50 values determined by the Hill equation in a previous study (Zhou and Siegelbaum, 2007) . The values for K d were a bit lower and a bit higher for the D631A and D634A mutant proteins, respectively, than those for the wild-type protein. Thus, these aspartate residues, which make little contribution to cAMP binding affinity, also make small contributions to cGMP binding affinity. The small effects of these two mutations on cAMP and cGMP binding affinity suggest that the strength of binding and negative cooperativity is controlled by specific interactions between the binding site and the ligand.
Finally, we examined how R632 and E582 influence cGMP binding, which are found in the C-helix and PBC, respectively. As mentioned above, these proteins were purified with an HMT tag on the N-terminus, as they could not be purified in high enough amounts to assess binding after cleaving the HMT tag. Here, we also found that cGMP binding to the E582A-HMT protein produced a pattern of heat release that was best fitted with a single-site independent binding model and yielded a K d of 690 µM for one trial (Fig. S1 ). In two trials, binding of cGMP to R632A-HMT protein was not detected (not depicted). These data support a critical role for these two residues in controlling potency (E582) and efficacy (R632) as suggested previously using full-length channels (Zhou and Siegelbaum, 2007) .
Discussion
In this study, we developed a model for cAMP binding and the cAMP-induced depolarizing shift in the activation curve for the HCN2 channel using binding affinities obtained from a tetrameric C-terminal region of the channel and determined by ITC, and gating data for the full-length channel obtained from the literature. This model was developed by subsequent fitting to concentration-response data for channels containing one, two, three, and four binding sites, in that order, to constrain the selection of parameters for opening and closing. This model recapitulates the concentration-response curve for the effect of cAMP and cGMP on wild-type HCN2 channel opening, which bind with different affinity and also impact the opening differently. Notably, the model also predicts the concentrationresponse data in a subset of full-length channels with single amino acid substitutions in the binding site using only the Table 1. corresponding mutant experimental binding values and without altering wild type gating parameters of the liganded channel. Other mutants also appear to modestly affect the closed-to-open transitions of the liganded channel, which were adjusted to obtain appropriate fits. Thus, the results suggest that the cyclic nucleotide sensitivity of the HCN2 channel is determined by negatively cooperative binding affinity and allosteric effects on channel structure and opening, which are tuned by ligandspecific interactions and residues within the binding site.
Our measurements of binding by ITC were performed on a naturally occurring tetramer consisting of the C-linker and CNBD of the HCN2 C-terminus (Zagotta et al., 2003; Chow et al., 2012) . The excellent agreement between our binding data and previously obtained functional measures of ligand sensitivity by patch-clamp electrophysiology in excised patches, which include mutations that both inhibit and augment both ligand binding and channel sensitivity (Zhou and Siegelbaum, 2007) , provides strong evidence that the structure of the binding site and alterations in structure and dynamics induced by cAMP and cGMP binding to the tetrameric protein in solution reflect those that occur in the full-length channel in the plasma membrane. These data also suggest that the effect of mutations in the binding site on cAMP potency, which otherwise do not affect gating in the absence of ligand, can be estimated by the determination of binding affinities from ITC measurements on the appropriate tetrameric HCN2 C-terminus and using our model.
The binding of cAMP and cGMP to the wild-type HCN2 protein, and to most single-residue mutants, was well described by a two-site independent binding model that indicates negative cooperativity (see also the summary of binding affinities obtained in Fig. S2 ). We have shown this pattern of binding for the HCN2 tetramer as well as for the equivalent HCN4 tetrameric protein (Chow et al., 2012; Ng et al., 2016) , and this has since been reported in a more recent study of HCN4 (Hayoz et al., 2017) . The high-affinity events were associated with favorable entropy and favorable enthalpy, whereas the lower-affinity events were associated with favorable enthalpy but entropy that is unfavorable (see also the summary of thermodynamic values in Fig. S3 ). The enthalpic component of low-affinity binding is even larger than that for high-affinity binding, and therefore, the thermodynamic basis for negative cooperativity is entirely entropic. Based on this thermodynamic signature, we suspect that high-affinity ligand binding may be associated with distinct and more modest alterations in structure that are normally associated with enthalpy, e.g., alterations in the mean backbone conformation, as well as with alterations that are associated with favorable changes in entropy. This has been suggested for other proteins including the dimeric catabolite activating protein, which also binds cAMP and contains a CNBD that is similar to that in HCN channels (Cooper and Dryden, 1984; Popovych et al., 2006; Cui and Karplus, 2008; Kalodimos, 2012) .
Further information on the nature of cAMP binding to HCN2 comes from an analysis of heat capacity (ΔC p ), which is the amount of heat required to increase the temperature of a system by 1 degree Kelvin. Heat capacity can be estimated by measuring ΔH as a function of temperature by ITC and calculating the slope of the resulting relationship (Boudker and Oh, 2015) . Using data collected from our previous study, we plotted ΔH for the high-and low-affinity binding of cAMP to the wild-type HCN2 C-terminal tetramer at 10°C and 25°C (Fig. 9) . Assuming that the relationship of ΔH is linear as a function of temperature, the calculated values for ΔC p are −159 cal/mol/°C and −898 cal/ mol/°C for the high-and low-affinity binding events, respectively. The difference in heat capacity between these binding events suggests that the underlying changes in the ligand protein complex are different. Together with the other thermodynamic measures from ITC, the difference in heat capacity supports a model where high-affinity binding is associated with distinct alterations in structure compared with low-affinity binding.
Support for the intermediately liganded and fully liganded channel having distinct alterations in structure also comes from previous electrophysiological experiments. In the HCN2 channel, cAMP and cGMP produce an increase in maximum current as well as a shift in the channel activation curve (Craven and Zagotta, 2004; Zhou and Siegelbaum, 2007) , on which we focused in the current study. For cAMP and cGMP, concentrationresponse curves revealed that the EC 50 was less for the increase in maximum current, indicative of greater sensitivity, than it was for the shift in current activation by voltage (Zhou and Siegelbaum, 2007) . This finding is supported by Kusch et al. (2010) , who showed that the increase in maximum current saturates at lower levels of cAMP than those required to saturate the depolarizing shift in channel activation, possibly after only two of four sites are occupied. The same authors, using a fluorescent cAMP molecule to estimate binding affinity in the full-length HCN2 channel, also suggested that cAMP binds with negative cooperativity to the fulllength HCN2 channel, although the decrease in affinity is much larger than what we had found by ITC (Chow et al., 2012) , and it occurred upon cAMP binding to the second site (Kusch et al., 2011) . Finally, alanine substitution of arginine 632 (R632A; in the C-helix) eliminated the depolarizing shift in channel activation produced by cAMP and cGMP, but the increase in maximum current remained (Zhou and Siegelbaum, 2007) , which supports distinct molecular mechanisms for each. This increase in maximum current was eliminated by the R591E mutation (charge reversal in the canonical CNBD), performed in the background of R632A, which confirmed that this increase was not due to cAMP bound to a separate site. Together, these data are consistent with a model whereby high-affinity binding of cAMP is associated with alterations in structure and function that are distinct from those produced by low-affinity binding.
Further support for this asymmetric model, and a possible molecular mechanism for partial agonism, comes from our previous experiments using cIMP and cCMP (Ng et al., 2016) , which had been shown to act as a partial agonist of the HCN2 and the sinoatrial HCN channels (DiFrancesco and Tortora, 1991; Zong et al., 2012) . We found that these partial agonists did not bind to the tetrameric HCN2 C-terminus (at 200 µM) with negative cooperativity but that the thermodynamic signature was similar to the high-affinity binding event for cAMP and other "full" agonists. Also, unlike cAMP, cCMP and cIMP were not able to promote tetramerization of low concentrations (10 and 25 µM) of the HCN2 C-terminus, even when these cyclic nucleotides were present at very high levels, which suggests that ligand-induced tetramer formation occurs in concert with lowaffinity binding and not with high-affinity binding. These data, together with our model, suggest that (a) partial agonism arises because cCMP and cIMP may not be able to bind to the lowaffinity site even when present at very high levels or, if they do bind to the low-affinity site, do not reproduce the downstream effects of full agonists, and (b) binding to the high-affinity site by cCMP and cIMP may induce intersubunit interactions that are distinct from those induced by cAMP and other full agonists. This mechanism for partial agonism is similar to the half-of-sites reactivity that has been proposed for enzymes, a limiting case of negative cooperativity where the subunits may never be fully occupied (Levitzki and Koshland, 1976 ). An inability to bind a low-affinity site may be due to the nature of the partial agonist itself and/or the induction of a distinct state of the low-affinity site by the partial agonist with an even lower binding affinity than those induced by cAMP or cGMP. The latter scenario is supported by our finding that some of the single mutations had larger effects on either the high-or low-affinity binding (Fig. S2 , Figure 9 . The calculated heat capacity for the high-affinity binding of cAMP to the tetrameric HCN2 C-terminus is smaller than that for lowaffinity binding. A graph showing the values for ΔH calculated at 25°C (black squares) and 10°C (black circles), which were determined in a previous study by our group (Chow et al., 2012) . The calculated slopes yield heat capacity and are shown next to their respective relation in the graph. Values represent means ± SEM. B and D). These data imply that changes occurring upon highaffinity binding depend on interactions between the binding site and the ligand and, furthermore, that specific ligands may tune negative cooperativity, and ligand sensitivity, by promoting low-affinity binding sites with distinct affinities.
cAMP is a more potent facilitator of opening than cGMP in the HCN2 channel as well as in HCN channels in the sinoatrial node of the heart, but the maximum effect is similar between the two ligands (DiFrancesco and Tortora, 1991; Zagotta et al., 2003; Zhou and Siegelbaum, 2007) . We used the model to compare the potency of cAMP and cGMP on HCN2 channel opening, and to determine why they are different. The model did not predict the concentration-response curve for cGMP when the experimentally determined binding affinities for cGMP were used in conjunction with the gating parameters determined for cAMP; this resulted in a curve that was shifted to lower concentrations of cGMP, and that was to the left of, and steeper than, the experimental concentration-response curve. To fit the experimental concentration-response curve precisely, changes to the closed to open transitions also had to be made. Thus, our analysis suggests that the more potent facilitation by cAMP is due to stronger effects on the closed to open transitions as well as to its greater binding affinity and as compared with cGMP. A similar suggestion was made in a recent study on the SthK (Schmidpeter et al., 2018) , a CNG channel from Spirochaeta thermophila that is structurally and evolutionarily related to the HCN channels (Brams et al., 2014; Kesters et al., 2015) , which showed that cGMP binds with an affinity that is similar to cAMP but that it opens the channel less efficiently. Structures of the HCN2 channel show that cGMP binds in the syn configuration whereas cAMP binds in the anti configuration, and that each ligand makes unique interactions within the binding site (Zagotta et al., 2003) . The unique interactions made by them are likely responsible for the differences in both binding affinity and gating effects. Indeed, recent studies using 15 N-transverse relaxation optimized spectroscopy NMR, double electron-electron resonance, and single-molecule fluorescence on the HCN2 C-terminus suggest that allosteric mechanisms of cAMP and cGMP are different even though their effects on pore opening may be similar (DeBerg et al., 2016; Goldschen-Ohm et al., 2017) . The larger fold difference between low-and high-affinity binding, for cAMP compared with cGMP, found here (3.4-fold and 3-fold, respectively) and previously found by us (3.7-fold vs. 2.3-fold, respectively; Ng et al., 2016) also suggests that the interactions made by them in the binding site are distinct from each other. Thus, cAMP may also promote negative cooperativity to a greater extent than cGMP, which would impact the difference in the concentration-response relation. Nevertheless, as we reported previously (Ng et al., 2016) , the affinity for cGMP seems low enough (<0.4 µM for the highaffinity binding event) that binding could potentially occur normally in vivo, especially under conditions where the intracellular levels of cAMP are low.
In summary, we found that the potency of the cyclic nucleotide-mediated shift of channel activation to more negative voltages can be explained and predicted by a mathematical model of opening that incorporates negatively cooperative binding. Our binding data, measured by ITC, also yield thermodynamic information on the underlying molecular and atomic mechanisms, and they support asymmetric and distinct alterations in structure in response to cyclic nucleotide binding. Most of the experiments that have examined the effects of cyclic nucleotide binding on alterations in structure focused on the monomeric bound and unbound C-terminal protein (e.g., Taraska et al., 2009; Möller et al., 2014; Goldschen-Ohm et al., 2016) or report on the apo and/or fully liganded state of HCN C-terminal or full-length tetramers (e.g., Zagotta et al., 2003; Lolicato et al., 2011; Lee and MacKinnon, 2017) . We suspect that solved structures for the intermediately liganded HCN2 channel, which have yet to be obtained, may demonstrate distinct alterations that reflect the binding of cAMP and cGMP mainly to a high-affinity site, as has been shown in other negatively cooperative proteins (Koshland, 1996; Stevens et al., 2001; Popovych et al., 2006) . Likewise, we suspect that solved structures of the HCN2 channel bound to partial agonists may also be distinct from those either partly or completely bound to full agonists such as cAMP or cGMP. Such structures would provide critical insight into the underlying molecular process by which cyclic nucleotides facilitate channel opening.
